The wall-to-lumen ratio (WLR) of the vasculature is a promising early marker of retinal microvascular changes. Recently, adaptive optics scanning laser ophthalmoscopy (AOSLO) enabled direct and noninvasive visualization of the arterial wall. Using AOSLO, we analyzed the correlation between age and WLR in 51 normal subjects. In addition, correlations between blood pressure and WLR were analyzed in 73 subjects (51 normal subjects and 22 hypertensive patients). WLR showed a strong correlation with age (r = 0.68, P < 0.0001), while outer diameter and inner diameter did not show significant correlation with age in the normal group (r = 0.13, P = 0.36 and r = −0.12, P = 0.41, respectively). In the normal and hypertensive groups, WLR showed a strong correlation with systolic and diastolic blood pressure (r = 0.60, P < 0.0001 and r = 0.65, P < 0.0001, respectively). In conclusion, AOSLO provided noninvasive and reproducible arterial measurements. WLR is an early marker of morphological changes in the retinal arteries due to age and blood pressure.
Retinal vessels serve as informative models of microvasculature changes in systemic diseases. For example, the Keith-Wagener 1 and Scheie 2 classification systems are the gold standards for directly evaluating and categorizing retinal vascular changes associated with hypertension and arteriosclerosis. However, these classifications are based solely on qualitative parameters, such as vascular color tone, attenuation, tortuosity, arteriovenous crossings, caliber, and optic disc. The imaging software Retinal Analysis-Interactive Vessel Analysis (IVAN) (University of Wisconsin, Madison, Wisconsin, USA) conducts semi-automated vessel measurements from fundus photographs and has been established as the gold standard for quantitative vascular measurements [3] [4] [5] . However, it cannot evaluate the retinal vascular wall. Recently, noninvasive approaches for evaluating the retinal microvasculature have been reported, including scanning laser Doppler flowmetry (SLDF) [6] [7] [8] [9] [10] and optical coherence tomography (OCT) 11 . SLDF allows for evaluation of arteriolar morphology by measuring the outer diameter (OD), lumen diameter, wall-to-lumen ratio (WLR), and wall cross-sectional area with automatic perfusion imaging analyses. Furthermore, Rizzoni et al. reported that retinal arteriole WLR measured by SLDF was closely correlated with the media-to-lumen ratio of subcutaneous small arteries evaluated by invasive surgical intervention 7 . Harazny et al. reported that the WLR in patients with a past cerebrovascular event was significantly increased compared to that in treated hypertensive patients and normotensive subjects 8 . Adaptive optics (AO) technology, first applied to astronomy, is another promising approach for direct and noninvasive retinal arterial wall visualization [12] [13] [14] . AO scanning laser ophthalmoscopy (AOSLO) provides high-resolution imaging of the retinal photoreceptor 15, 16 , nerve fiber layer 17 , and blood flow [18] [19] [20] [21] . In 2012, Chui et al. first succeeded in visualizing the retinal wall with AOSLO 12 . Subsequently, Koch et al. reported vascular morphometric changes measured with an AO retinal camera 14 . Retinal arterial wall borders were detected along the vessel's running direction. After control points for the retinal arterial axes were set manually (blue line), vascular wall border detection was processed automatically Green and pink line represent outer wall borders. Yellow and orange line represent inner wall borders. Scale bar, 100 μ m.
Scientific RepoRts | 5:12283 | DOi: 10.1038/srep12283 r = 0.68, P < 0.0001, respectively). In the hypertensive group, the mean OD, ID, WT, and WLR were 122.3 ± 18.7 μ m, 93.1 ± 15.6 μ m, 29.2 ± 5.6 μ m, and 0.320 ± 0.068, respectively. To adjust for age between groups, and because of the limited prevalence of hypertension in younger patients, we compared subjects aged > 50 years between groups (Table 2 ). There was a significant difference in WLR (P = 0.04) but not in OD, ID, and WT (P = 0.21, 0.09, and 0.50, respectively).
Correlation between vascular caliber and blood pressure parameters. Among all 73 subjects, OD showed no significant correlation with systolic blood pressure (SBP), diastolic blood pressure (DBP), age, body mass index (BMI), pulse pressure (PP), and heart rate (HR). ID was significantly correlated with SBP and DBP, but not with age, BMI, PP, and HR. WT and WLR were significantly correlated with SBP, DBP, age, BMI, and PP, but not with HR (Table 3) . We then used a multivariate regression analysis with a backward stepwise method to analyze predictors of WLR with regard to SBP, DBP, age, BMI, and HR. DBP and age were independent variables for WLR (Table 4) .
Correlation between AOSLO-based and fundus photograph-based vascular measurements. The mean arterial diameter calculated by the IVAN system was 96.8 ± 9.9 μ m in the normal group and 93.1 ± 14.4 μ m in the hypertensive group. Four subjects were excluded because of difficulties with IVAN measurements. Calibers did not significantly correlate with age in either group (normal group, r = 0.14, P = 0.36; hypertensive group, r = 0.17, P = 0.45). Among the 69 subjects included in this analysis, IVAN-measured diameter was not significantly correlated with SBP, DBP, BMI, PP, or HR. We evaluated vascular caliber (OD and ID) measured by IVAN and AOSLO in both the normal and hypertensive groups using the same artery and found a strong correlation (r = 0.65, P < 0.0001 for OD, and r = 0.63, P < 0.0001 for ID).
Discussion
In this study, AOSLO provided noninvasive visualization and measurement of retinal arterial caliber with high reproducibility and validity. WLR was highly positively correlated with both age and blood pressure. Pathophysiologically, small arterial remodeling, which is the first sign of hypertension, consists of inward eutrophic remodeling and outward hypertrophic remodeling 22, 23 . Eutrophic remodeling reflects blood pressure stress and myogenic vasoconstriction; therefore, only the WLR increases. In contrast, hypertrophic remodeling reflects the secondary stimulus of arterial hypertension; therefore, both WLR and wall cross-sectional area increase. Thus, WLR is a promising early marker of retinal microvascular changes, reflecting retinal endothelial dysfunction in systemic diseases 24 . In this study, AOSLO showed a strong correlation between WLR and SBP or DBP. Meanwhile, ID showed modest correlation with SBP and DBP, and OD showed no significant correlation with either. Moreover, multivariate regression analysis revealed DBP and age as independent variables for WLR. Ritt et al. reported that retinal arteriole WLR by SLDF was significantly positively correlated with SBP and DBP 25 . Koch et al. reported that mean blood pressure was negatively correlated with ID using an AO camera. Moreover, mean blood pressure was positively correlated with parietal and WLR, with stronger statistical significance than that for ID 14 . These data support the potential use of WLR as an early marker of retinal microvascular changes.
While arteriolar diameter decreased with age in a photograph study 26 , ID and OD by AOSLO were not significantly correlated with age, and WT and WLR correlated well with age in the normal group. In agreement with our AOSLO data, by SLDF, Harazny et al. showed positive correlation between age and WLR in normotensive individuals 8 . Using OCT, OD, ID, and unilateral WT were previously reported as 122.7 μ m, 87.3 μ m, and 17.7 μ m, respectively 11 . Using an AO camera, ID, WT, and WLR were 83.5 μ m, 23.5 μ m, and 0.285, respectively 14 . Despite the slight variation in vascular diameters, WLR values were similar using SLDF, However, wall thickness and wall-to-lumen ratio showed significant correlation with age (r = 0.69, P < 0.0001 and r = 0.68, P < 0.0001, respectively). Heart rate (/min) 71.6 ± 11.2 69.9 ± 9.7 0.62 Table 2 . Characteristics of subjects aged >50 years in the normal and hypertensive groups. Data are presented as the mean ± standard deviation.
AO camera, and AOSLO. Here, only WLR was significantly different between groups, while OD, ID, and WT were not ( , respectively, and only WT was significantly different compared to the normal group. Using an AO camera, ID, bilateral WT, and WLR were 74.0 μ m, 25.5 μ m, and 0.36 14 . ID and WLR, but not WT, showed significant differences compared to the normal group. It is generally difficult to compare vascular calibers measured by different modalities for the possible reasons described below. First, the measuring points and measured arteries were slightly different among studies. Here, the largest temporal arteries were selected in the zone B, 0.5-1.0 disc diameters away from the optic disc margin 28 . The SLDF measuring point was 1 disc diameter temporally superior from the optic disc margin; the OCT measuring point was 1.73 mm from the center of the optic disc on the four largest arteries; and the AO camera measuring point was 1 disc diameter temporally superior from the optic disc margin. Second, the targets for vascular measurements were different. IVAN measurements were thought to reflect lumen diameter. However, the calibers on the color photograph reflect the moving blood column, which is surrounded by the transparent plasma edge stream. Therefore, calibers on the photograph underestimate the true internal diameter 23 . The same principle may be applied to SLDF. Laser Doppler imaging, thought to reflect flow diameter as lumen diameter, consists of blood corpuscles surrounded by the plasma edge stream 27 . In addition, the scanning directions for imaging were different among the modalities. OCT provides vertical vessel information, while photographs, SLDF, AO camera, and AOSLO provide horizontal information. Furthermore, there are the other possible factors for these differences in retinal arterial vessel measurements. The mean subject ages varied in each study. Mean age in the SLDF study ranged from 36.7 to 59.3 years 7, 25, 27, 29 . In the OCT study, the mean age was 62.1 years 11 , and that in the AO camera study was 44.9 years 14 . The mean age here was 44.3 years. Furthermore, data reported using other modalities were calculated without correction for axial length; therefore, the actual distance per pixel differed from eye to eye.
There were certain limitations to this study. For example, there were few subjects aged > 70 years, because AOSLO image quality is influenced by cataracts. In the future, additional studies using larger sample sizes will be necessary to confirm our results. The other limitation is the lack of comparison with other retinal arterial wall measurements, such as SLDF or the micromyographic approach, because of their limited availability. In the near future, we will compare retinal wall measurements noninvasively and directly between OCT and AOSLO.
AOSLO provided reproducible noninvasive arterial wall measurements. WLR was significantly and positively correlated with age and blood pressure, suggesting that WLR has the potential to be an early parameter of retinal vascular microchanges. Furthermore, AOSLO arterial measurements showed a high correlation with vascular measurements by fundus photograph. This new approach will enable evaluation of early morphological changes of retinal microvasculature due to age and blood pressure. 
Methods
This study was approved by the Institutional Review Board and Ethics Committee at Kyoto University Graduate School of Medicine and adhered to the tenets of the Declaration of Helsinki. After the study design and the risks and benefits of participation were thoroughly explained, written informed consent was obtained from each participant.
Participants. AOSLO movies were acquired for 51 normal subjects (26 men, 25 women) and 22
hypertensive patients (16 men, 6 women). Either eye, dilated before AOSLO with one drop of tropicamide (0.5%) and phenylephrine hydrochloride (0.5%), was selected for this analysis. The exclusion criteria were as follows: best-corrected visual acuity worse than 20/25; high myopia (more severe than -6 diopters and longer than 26.0 mm in axial length); intraocular pressure > 21 mmHg; pregnancy; diabetes mellitus; renal failure; any form of secondary arterial hypertension; history of cerebral infarction; history of myocardial infarction; ocular diseases except hypertensive retinopathy; and systemic diseases except for hypertension. Subjects were examined for approximately 15 min in total per eye while in a seated position.
AOSLO imaging. The AOSLO system (Canon Inc., Tokyo, Japan) is composed of the AO system, a high-resolution confocal SLO imaging system, and a wide-field imaging subsystem (Fig. 4) . The resolution of our system is 2 μ m/pixel. Video was recorded for 10 s per scan area at a rate of 32 frames/s. AOSLO imaging was performed with the optical focus on the layer for which the wall could be appropriately visualized. As Bennett et al. reported previously 30 , each subject's axial length, obtained with an optical biometer (IOL Master; Carl Zeiss Meditec, Dublin, CA), was used to convert the degree to the actual distance to the retina using AOSLO Retinal Image Analyzer software (ARIA; Canon Inc., Tokyo, Japan) dedicated to our prototype AOSLO 31 . A pulse oximeter (Oxypal Neo; NIHON KOHDEN, Japan) was attached to subjects' earlobes for synchronizing cardiac pulsation and AOSLO video frames. The sphygmogram was digitized and recorded during the imaging session. The ARIA software detected extreme values from the sphygmogram and determined the relative cardiac cycle for each frame of the captured AOSLO video 31 .
Blood pressure parameters. Hypertension was defined as mean SBP ≥ 140 mmHg, mean DBP ≥ 90 mmHg, taking antihypertensive medication at the time of examination, and/or a physician's diagnosis 32 . SBP and DBP were measured thrice to provide means for this analysis. Blood pressure was measured on the examination day in subjects who had been seated for at least 5 minutes. PP was defined as SBP -DBP. Retinal arterial vascular caliber measurements. AOSLO. Vascular caliber measurement was performed in zone B 28 , 0.5-1.0 disc diameters away from the optic disc margin using custom software known as ARIA, which was developed by Canon Inc., Tokyo, Japan. ARIA semi-automatically segments the retinal arterial wall borders in the AOSLO video. Our segmentation method consisted of preprocessing, rough central axis setting, precise central axis and vascular wall border detection, and measurement of the thickness of the vascular wall. Preprocessing consisted of the following steps. Pixel intensity values in the AOSLO video were transformed logarithmically to increase contrast in a vascular wall and decrease it in a nerve fiber layer. The AOSLO video was then stabilized using the inverse scan-line warping method. In order to obtain a high-contrast vascular wall image, frames of the stabilized AOSLO video corresponding to the specific phase range of the pulse wave were selected, and these were then smoothed using a 3-D median filter. We used a filter size of 3 × 3 × (selected frame numbers). In the next step, we manually set seed points at the center of the retinal artery along its running direction (Supplementary Figure S1A) . At each seed point, the line segment that was perpendicular to the running direction of the seed points was set, and its pixel intensity profile was calculated. In the precise central axis and vascular wall border detection step, we applied a sliding linear regression filter (SLRF) 33, 34 to the pixel intensity profile along the line segment (Supplementary Figure S1B) . The SLRF method is based on the fitting of a line by linear regression that relates the pixel intensity value to the distance along the profile within a sliding window (window size: W). The precise position of the vascular central axis was identified around the seed point as a zero-cross point in the pixel intensity profile filtered by SLRF. To determine the vascular edge position, we specified the minimum point in the left side and the maximum point in the right side from the zero-cross point corresponding to the central axis. In order to determine the vascular wall border position more robustly and precisely, we applied SLRF twice to the pixel intensity profile along the line segment that was perpendicular to the central axis. Specifically, SLRF with a larger window size (W = 10 pixels) was applied first, followed by SLRF with a smaller window size (W = 4 pixels). The initial, larger window size (W = 10 pixels) was applied to establish the approximate position of the vascular wall region. In the pixel intensity profile filtered by SLRF, we could establish the approximate position of the vascular wall region by detecting the minimum point in the left side and the maximum point in the right side from the zero-cross point corresponding to the central axis (the minimum and maximum points are shown in Supplementary Figure  S2C ). Subsequently, we deleted outliers in the first candidate points if their Euclid distance from the central axis was less than the lower threshold (Tl)1 percentile or more than the higher threshold (Th)1percentile (Supplementary Figure S1C) . In this study, Tl1 and Th1 were set as 10 and 90, respectively. The remaining first candidate points were interpolated using the natural spline interpolation method (Supplementary Figure S1D) . The interpolated candidate points indicated the approximate position of the vascular wall region and were used to calculate the position of the vascular wall border by applying it to the second step (W = 4 pixels) (Supplementary Figure S1E) . In the pixel intensity profile filtered by SLRF, we select the 2 nearest extremal points to the candidate point as vascular wall border candidate points (inner and outer borders are shown in Supplementary Figure S2D) . Subsequently, we deleted outliers in the vascular wall border candidate points if their pixel intensity values were less than the Tl2 percentile or more than the Th2 percentile, and then deleted the remaining vascular wall border candidate points if their pixel intensity values were less than the Tl3 percentile or more than the Th3 percentile (Supplementary Figure S1F) . In this study, Tl2 and Tl3 were set as 10, and Th2 and Th3 were set as 90. The remaining vascular wall border candidate points were sampled at intervals, and then interpolated using the natural spline interpolation method (Supplementary Figure S1G) . Finally, we used the interpolated candidate points to define the vascular wall border in calculating the retinal arterial wall thickness (Supplementary Figure S1H) . Continuous measurements were performed automatically at 6 μ m intervals along the segmented border lines. OD was defined as the distance between the 2 outer wall borders, and ID was defined as the distance between the 2 inner wall borders. WLR was calculated as WT/ID 7, 8 . In order to minimize the influence of cardiac pulsation on vascular measurements, an averaged image was generated using stabilized frames with a specific range of relative cardiac cycles (Fig. 5) . This enabled division of the AOSLO images into 5 segments according to cardiac pulsation, and mean vascular measurements were obtained for every 5 segments. Finally, vascular measurements of 5 segments were averaged and used for analyses.
Fundus photographs. Forty-five-degree digital fundus photographs (TRC-50LX; Topcon, Tokyo, Japan) and a semi-automated vessel measurement system (Retinal Analysis-IVAN, University of Wisconsin, Madison, Wisconsin, USA) were used to measure retinal vessel widths from imported fundus photographs 3, 28 . The largest temporal arterial vessels (upper or lower) were selected in zone B. The arteries for IVAN analysis were the same as those chosen for AOSLO measurements.
Reproducibility of AOSLO vascular measurements. ICCs were used to evaluate measurement reproducibility of the arteries selected for analyses. To evaluate inter-evaluator reproducibility of vascular calibers (OD, ID, WT, and WLR), the arteries of 20 normal subjects, at the same locations on the AOSLO images, were examined independently by two retina specialists in a masked manner. To evaluate inter-visit reproducibility, the same arteries were examined independently using two AOSLO images from 20 normal subjects collected on different days. Statistical analyses. All values are presented as mean ± standard deviation. Bivariate correlations were analyzed using the Pearson correlation coefficient. Paired t-tests were used to analyze vascular measurements, age, blood pressure parameters, and BMI. Unpaired t-tests were used to examine differences between measurements in normal and hypertensive participants aged > 50 years. Multivariate regression analysis (backward stepwise method) was performed to identify predictors of WLR. All analyses were performed using StatView (Version 5.0; SAS Institute, Cary, NC), except for the ICC and multivariate regression, which were calculated using SPSS (v. 19; IBM Inc., Armonk, NY). Significance was set at P < 0.05. Figure 5 . Calculation of the mean vascular measurements correcting for cardiac pulsation. In order to minimize the influence of cardiac pulsation on vascular measurements, the cardiac cycle was synchronized to the adaptive optics (AO) videos using pulsation data obtained through a pulse oximeter attached to the subjects' earlobes. (a) The cardiac cycle was divided into 5 segments (0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8-1.0), and each video frame was assigned to the corresponding segment. (b) The images on the same relative cardiac cycle were extracted from the AO videos. (c) The images of each corresponding segment were averaged, and the vascular caliber measurements were obtained for every 5 segments. Finally, the vascular measurements of 5 segments were averaged and used for analyses.
